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AUTOMATIC TEST EQUIPMENT PIN CHANNEL 
WITH T-COIL COMPENSATION 



Related Application 

[0001] This application claims the benefit of provi- 
sional application Serial No. 60/433,248, filed December 
12, 2002. 
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BACKGROUND OF THE INVENTION 
Field of the Invention 

[0002] This invention relates to T-coil structures and 

fabrication methods, and their use in automatic test 
10 equipment (ATE) . 

Description of the Related Art 

[0003] ATE systems employ drive channels for applying 
test signals to a device under test (DUT) , and comparator 

15 circuits for receiving signals back from the DUT and com- 

paring them to a threshold to determine the DUT's re- 
sponse. Drive circuits can include voltage mode drivers, 
in which a dynamically varied voltage signal is generated 
directly for application to the DUT, current mode drivers 

2 0 in which a dynamically varied current is generated and 

directed through a resistor to a constant voltage refer- 
ence to generate a dynamically varying voltage signal on 
the other side of the resistor for application to the 
DUT, and combinations of the two. An example of a combi- 
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nation of both types of drivers is provided in U.S. Pat- 
ent No. 6, 292 , 010 . 

[0004] Such circuits have associated capacitances that 
reduce their bandwidth and speed. Contributors to the 
5 overall capacitance include collector-base and collector- 

substrate capacitances of the output transistors in cur- 
rent mode drivers, the capacitance of the cable that con- 
nects the circuits to the DUT, and capacitances associ- 
ated with metal runs and bond pads on the comparator cir- 
10 cuit. 

[0005] Prior attempts to eliminate or compensate for 

these capacitances have included designing class AB driv- 
ers to be faster than necessary, and then adding filters 
to compensate for the driver's capacitance. This makes 

15 the driver unusable for the upper end of its design 

speed, and also lowers the performance of the comparator. 
Separate cables have also been provided for transmitting 
the drive signal to the DUT and directing the DUT's re- 
sponse at pin to the comparators. This requires an addi- 

2 0 tional cable for each drive channel, and also requires 

the driver circuitry and comparators to be provided on 
separate chips. Considering that typical ATE systems can 
have hundreds of drive channels, the additional expense 
and space required can be significant. 

2 5 [0006] An " inductive peaking" technique has also been 

used, in which the driver output bond bad was moved so as 
to increase the bond wire length and thereby increase the 
circuit's effective inductance. This at least partially 
compensated parasitic capacitance to boost the circuit 

30 output. However, its compensation effect was limited, 

since it provided compensation only for transmitted drive 
signals but not for DUT response signals. 



SUMMARY OF THE INVENTION 

[0007] The present invention in one embodiment seeks 
to compensate for such capacitances with a bidirectional 
ATE drive channel having an input/output line for connec- 
tion to a DUT, a driver circuit connected to apply test 
signals to the input/output line for application to a 
DUT, a receiver circuit connected to the line to receive 
signals produced by the DUT, with the receiver circuit 
having an associated capacitance, and a passive matching 
network, preferably a T-coil circuit, connected to the 
line to at least partially compensate for the capacitance 
associated with the receiver circuit. The driver and re- 
ceiver circuits can be implemented on a common layer of 
an integrated circuit (IC) , with the T-coil circuit on a 
layer of the IC that is spaced from the common layer by 
at least a dielectric layer. When both current -mode and 
voltage-mode drivers are used, a second passive matching 
network, preferably a second T-coil circuit, can be con- 
nected in series with the first matching network to at 
least partially compensate for the current-mode driver 
capacitance. Although a primary application for the in- 
vention is bidirectional ATE channels, it is also appli- 
cable to receive only channels. 

[0008] In an IC structure having a dielectric layer 

over a circuit layer, the T-coil circuit can be provided 
over the dielectric layer and connected to the circuit 
layer by electrically conductive connectors that extend 
through the dielectric layer. In doing so, the T-coil 
circuit can be connected to the circuit layer via a met- 
allization network that itself overlies the circuit layer 
and makes electrical contact therewith through a second 
dielectric layer. External connections can be made via a 
flip-chip bump that is connected to the circuit layer and 



has an associated redistribution layer on the same level 
as the T-coil circuit. 

[0009] A completed receiver circuit having an unwanted 
capacitance can first be fabricated, followed by the 
provision of a dielectric layer over the circuit, forming 
a T-coil circuit on the dielectric layer, and connecting 
the T-coil circuit through the dielectric layer to the 
circuit to at least partially compensate the capacitance. 

[0010] These and other features and advantages of the 
invention will be apparent to those skilled in the art 
from the following detailed description, taken together 
with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a simplified schematic diagram of an 
ATE channel, including a voltage -mode driver circuit, re- 
ceive comparators, and a capacitance compensating T-coil 
in accordance with the invention; 

[0012] FIG. 2 is a simplified schematic diagram of the 

ATE drive channel shown in FIG. 1, to which a current- 
mode driver and a second compensating T-coil have been 
added ; 

[0013] FIG. 3 is a simplified schematic diagram of an 
ATE drive channel similar to that of FIG. 2, but with 
only a single T-coil circuit; 

[0014] FIGS. 4a and 4b are plan views of possible T- 

coil configurations that could be used; 

[0015] FIG. 5 is a sectional view illustrating a pos- 

sible circuit structure, including a flip-chip connector 
bump, with a t-coil compensating capacitance associated 
with the underlying circuit; 

[0016] FIG. 6 is a sectional view of the structure of 

FIG. 5, taken at a 90° angle to FIG. 5; and 
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[0017] FIG. 7 is a sectional view of a T-coil compen- 
sated circuit structure, but with a wire bond rather than 
a flip-chip connector . 

5 

DETAILED DESCRIPTION OF THE INVENTION 

[0018] A bidirectional ATE drive channel to which the 
invention is applicable is shown in FIG. 1. A voltage- 
mode driver 2 operates under the control of a pattern 

10 generator (not shown) to produce a series of voltage 

drive signals in the form of pulses at the output of a 
series resistor R. The pulses are transmitted through a 
connector cable 4 to an input/output pin 6 of a DUT 8, 
with the leading edges of the pulses normally providing 

15 triggers for the DUT. 

[0019] The DUT generates a response at the same pin 6, 

and the response is transmitted back through cable 4 to 
respective inputs of a pair of comparators C0MP1 and 
C0MP2 . The other comparator inputs are connected to re- 

20 spective threshold voltage levels Thl and Th2 , with Thl 

greater than Th2 . COMP1 has complementary outputs 10, 
12, while C0MP2 has complementary outputs 14, 16. When 
the signal returned from the DUT is within the window be- 
tween Thl and Th2 (less than Thl but greater than Th2) , 

25 both comparators will produce a positive output. 

[0020] In accordance with one aspect of the invention, 

a passive matching network, preferably a T-coil circuit 
is inserted at the junction of resistor R, cable 4 and 
the comparators. The T-coil circuit consists of a first 

30 inductor LI connected between resistor R and node 18, a 

second inductor L2 connected between node 18 and cable 4, 
and a line 20 connecting node 18 to the common input to 
COMP1 and COMP2 . An optional bridging capacitor Cbl is 
also shown connected between the opposite ends of LI and 
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L2 . These inductors are also coupled to one another by- 
some degree of mutual inductance. The bridging capacitor 
allows high frequency energy to flow from the voltage- 
mode driver 2 to the cable 4 while the inductors are 
5 charging, thereby enabling circuit operation during this 

initial period, and also enables a bidirectional improve- 
ment in bandwidth that applies to both test signals sent 
to the DUT # and to DUT response signals returned to the 
comparators . 

10 [0021] T-coil circuits per se have been used previ- 

ously in oscilloscope front-end amplifiers. An example 
is given in John Addis "Good Engineering and Fast Verti- 
cal Amplifiers" , chapter in Analog Circuit Design Butter- 
worth-Heineman, pages 107-122, 1991. However, they have 

15 not previously been proposed for use in ATE drive cir- 

cuitry, despite the disadvantages of driver filters, 
separate driver and comparator cables, and inductive 
peaking arrangements that have been known for a consider- 
able period of time. 

20 [0022] In FIG. 2 a current -mode driver 22 has been 

added to the circuit of FIG. 1. When operated in current 
mode, a constant voltage is maintained at the output of 
the voltage-mode driver 2, and a dynamic current is drawn 
by the current driver 22 through resistor R, producing a 

25 dynamically varying voltage drive signal on the side of R 

towards the transmission cable 4. In this circuit, in 
addition to the T-coil Tl for the comparators, a second 
T-coil circuit T2 is added to compensate for the unwanted 
capacitance associated with the current -mode driver 22, 

3 0 which is typically larger than the comparator capaci- 

tance, and to keep the current mode driver 22 from load- 
ing down the comparator circuits. T-coil T2 consists of 
a pair of inductor coils L3 and L4 connected in series 
between resistor R and the comparator T-coil circuit Tl, 
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along with an optional bridge capacitor Cb2 between the 
ends of coils L3 and L4 . 

[0023] As indicated by the dotting convention used in 
the figures, the individual coils of each T-coil. circuit 
5 are connected in series. The coils are also fabricated in 

proximity to each other so that they mutually couple. 
The out-of -phase mutual coupling between L3 and L4 , to- 
gether with the T2 bridging capacitor Cb2 , produces an 
effective negative inductance between current-node driver 

10 22 and T2 that balances the inductances of the coils to 

allow current to flow from the current -mode driver 
through resistor R during high frequency operation. 
[0024] FIG. 3 illustrates another drive channel with a 

current-mode driver, but with only one T-coil Tl . The 

15 values of the T-coil inductors would be adjusted to ac- 

count for the capacitances of both the current mode 
driver 22 and the comparators. This does not achieve all 
the benefits of the dual T-coil circuit of FIG. 2, in 
which the capacitance of the current-mode driver in the 

20 transmit mode is isolated from the comparators. However, 

it still achieves a better operation than the prior in- 
ductive peaking approach. 

[0025] The invention is also applicable to conven- 

tional receive only, rather than bidirectional, ATE chan- 

25 nels. In this application a drive signal is delivered to 

a given DUT input /output pin along one cable, and the DUT 
response at that pin is transmitted to the comparator 
circuit over a separate cable. Alternatively, the drive 
signal could be transmitted to one DUT pin, and the DUT 

30 response taken from a different DUT pin, which could be 

an output only pin. The arrangement could be the same as 
in FIG. 1, except instead of the voltage driver 2, coil 
LI of the T-coil circuit would be terminated by a (typi- 
cally 50 ohm) termination resistor to ground. In this 
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application the T-coil would both reduce the input ca- 
pacitance to the comparators, and improve the received 
signal bandwidth. 

[0026] FIGS. 4a and 4b illustrate 2 possible layouts 

5 for the T-coil inductors, with LI and L2 interleaved in 

forming 1-1/2 turns in FIG. 4a and 1-1/4 turns in FIG. 
4b. In these embodiments, the 2 coils effectively form a 
transformer, with a current change in one coil inducing a 
current in the other coil. The coils could also be sepa- 

10 rated, but the provision of a mutual coupling between 

coils is helpful in enabling a current flow from a cur- 
rent mode driver through the resistor R at high frequen- 
cies. A. perfect T-coil would have a characteristic im- 
pedance that is bidirectional and matches R at any fre- 

15 quency. As an alternate to concentric coils, the 2 coils 

could be vertically stacked in proximity to each other to 
provide mutual coupling. 

[0027] One illustrative implementation of the T-coil 
is illustrated in FIGs. 5 and 6. FIG. 5 is taken along a 

20 section line that extends along one section of the coil 

legs of FIG. 4a or 4b, which FIG. 6 is taken along a sec- 
tion line at a right angle that cuts through coil arm 
sections. In this example, the driver circuitry (if 
used) and comparator circuitry are formed first and 

25 coated with a passivation layer, and the T-coil inductors 

are then formed on a dielectric layer that overlies the 
passivation layer. This is advantageous compared to the 
practice for oscilloscope front-end amplifiers, in which 
the T-coil windings are generally implemented in the same 

30 layer as the amplifier circuitry. By spacing the T-coil 

inductors vertically above the remainder of the drive 
channel circuitry, a greater separation between the coils 
and the next closest metal layer is achievable, thereby 
reducing parasitic capacitance and noise. It also re- 
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duces eddy current losses associated with energy from the 
coils being coupled into the substrate for the remainder 
of the circuit and dissipated as heat. 

[0028] In the illustration of FIGs . 5 and 6, a sub- 

5 strate 24 such as silicon or glass includes an overlying 

silicon dioxide layer 26. Next is an epitaxial silicon 
or other semiconductor layer 28, in which the circuit 
elements for the drive channel are formed. Another di- 
electric layer 30, typically an oxide, is formed over the 

10 circuit layer 28, with a top metallization layer 32 over 

the dielectric layer 30. The metallization layer 32 is 
conventional, consisting of a network of metallic traces 
that interconnect desired portions of the underlying cir- 
cuit layer through connector vias 34 (indicated by hidden 

15 lines in FIG. 5) that extend through the dielectric layer 

30. The vias can be established by forming openings 
through the passivation layer 3 6 and dielectric layer 3 8 
in registration with each other and with desired loca- 
tions on the metallization network 36, depositing a con- 

20 ductive material through the openings to the metalliza- 

tion network and continuing the deposition on top of the 
dielectric layer 38 to form the T-coil inductor windings 
in electrical contact with the vias. Multiple metalliza- 
tion layers (not shown) , spaced from each other by addi- 

25 tional dielectric layers, would normally be provided to 

enable crossovers between separate locations on the first 
metallization layer 32. The assembly is capped with a 
protective passivation layer 36. Up to this point, the 
fabrication is conventional. 

30 [0029] In this implementation of the T-coil, an addi- 

tional dielectric layer 38 is laid down over the passiva- 
tion layer 36, with the T-coil inductors LI and L2 formed 
over dielectric layer 38 and connected to the metalliza- 
tion layer 32 by vias 42 through the dielectric and pas- 



sivation layers 38 and 36. A bridging capacitor Cbl, if 
used, could be placed at various locations, such as 
within (or with one plate on tope of) the dielectric 
layer 38 as illustrated in the figures, with its plates 
in two standard metallization layers for the channel cir- 
cuitry, or in a dedicated capacitance layer with a thin- 
ner dielectric. 

[0030] In the illustrated embodiment, provision is 

made for connection of the circuitry to an additional IC 
chip by means of a* conventional flip-chip bump 44. A 
metal redistribution layer 46 for the bump may be formed 
lateral to the T-coil windings LI, L2 , over dielectric 
layer 38, and connected to the metallization layer 32 by 
a via 4 8 that extends through the dielectric and passiva- 
tion layers 38 and 36. The T-coil windings and redistri- 
bution layer 46 are encapsulated in another dielectric 
layer 50, with the flip-chip bump 44 extending through an 
opening formed in the top dielectric layer 50 to contact 
the redistribution layer. The bump 44 is typically 
formed from solder over an underlying metal. The redis- 
tribution layer 46 establishes an electrical connection 
between the bump 44 and via 48, allowing the bump to be 
laterally offset from the via for alignment with a corre- 
sponding bump on the chip to which the assembly is to be 
connected. 

[0031] FIG. 7 illustrates a variation on the circuit 

structure of FIGs. 5 and 6, with an external connection 
to the channel circuitry made by a wire bond connection 
52 rather than a flip-chip bump. The wire bond is formed 
at a desired location of the metallization layer 32 
through an opening in passivation layer 36. 

[0032] While fabricating the T-coil inductors on the 

same chip as the remainder of the driver channel cir- 
cuitry, but spaced above that circuitry, is advantageous 
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in terms of reducing parasitic capacitances and other 
losses, the T-coil circuit could also be fabricated in 
other ways. These include fabricating it on- the same 
level as the remainder of the driver channel circuitry, 
5 or forming it on its own substrate such as alumina, 

glass, ceramic or silicon, and using a technique such as 
flip-chip bonding or wire bonding to connect the T-coil 
IC to the active circuit IC. The T-coils could also be 
formed in other ways, such as coupled wires that could be 

10 bond wires, or on a printed wire board such as a circuit 

board with copper T-coils on an organic laminate. 
[0033] The invention as described offers distinct ad- 

vantages over prior efforts to compensate for unwanted 
capacitances in the driver channel. It makes possible a 

15 greater bandwidth and higher frequency operation/ while 

eliminating the need for extra external components since 
the matching networks can be included on the same chip as 
the driver circuitry. Including the matching networks 
on-chip also eliminates the need to bring out each 

20 block's signals on separate bond pads, thus making it 

possible to reduce the overall bondpad count compared to 
prior techniques, and in addition contributing to reduced 
die size for pad-limited chips. Since the capacitive 
loading of each driver block is compensated at a nearby 

25 location, the overall signal integrity is preserved, 

while the elimination of filters for the voltage-mode 
driver eliminates the need for extra power that would be 
necessary to make the individual driver circuits operate 
at higher speeds than needed. 

30 [0034] The new approach can be applied in a scalable 

manner to a wide variety of problems. For example, if 
two driver circuits present capacitive loading, each may 
be separately compensated with its own matching network. 
The matching networks can be implemented with processes 
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that are compatible with existing IC technology, and also 
with conventional IC packaging techniques such as flip- 
chip and wire bonding. 

[0035] While particular embodiments of the invention 

have been shown and described, numerous variations and 
alternate embodiments will occur to those skilled in the 
art. Accordingly, it is intended that the invention be 
limited only in terms of the appended claims. 



